This article discusses universal precision rectifiers using current active elements and current sources for diode excitation. The paper introduces a circuit solution of the universal precision full-wave rectifier with intention to reduce the negative effect of diode reverse recovery time. Furthermore, experimental results are given and a comparison of the new circuit of precision full-wave rectifier and its known variant is presented.
can be solved by employing an additional voltage follower on the input of the circuit, which provides the high input impedance of the described rectifier. Furthermore, it is possible to come across rectifiers consisting of operational transconductance amplifiers in [6] . The bandwidth of presented circuit is 50 kHz. This circuit does not use diodes and is based on four or five OTA. We can find one of the basic scheme of full-wave precision rectifier in [1, 13] . The described circuit is the highfrequency precision rectifier consisting of two secondgeneration current conveyors connected in a form of differential voltage-to-current converter and uses four diodes for its function. In case of small signals at zero crossing transition portion, when the diodes are closed, the differential voltage-to-current converter turns into a high gain voltage differential amplifier. A modified circuit of the high-frequency precision rectifier using the current biasing for diodes proposed in [12] is described in [14] . Another possible solution of the precision full-wave rectifier can be found for example in [15] [16] [17] [18] .
II. EFFECT OF THE DIODE REVERSE RECOVERY TIME ON

PRECISION RECTIFICATION
One of the major factors limiting the use of diodes for highfrequency signals is the diode reverse recovery time. This time can be described as the transition time of the diode from its open state to the closed state. [14, 19] A simple subcircuit with two diodes, which is shown in Fig. 1 ) is used for the majority of precision rectifier circuits using current diode excitation.
Precision Full-Wave Rectifiers with Current Active Elements and Current Biasing
When the polarity of the input current is changing the diode stays for a short time in the conductive state even during the opposite polarity, which results in an overshoot of the diode current into the reverse polarity, as shown in Fig. 2 ). Rising frequency increases the negative effect of the diode reverse recovery time and this leads to increasing distortions of rectified signal. This is due to the fact the semiconductor diode is a non-ideal component. The duration of this period depends on the physical parameters of the diodes respectively on the material from which the diode is made and on its technological performance. Each P or N type of semiconductor contains not only majority carriers but also minority carriers of the opposite polarity. P-N junction remains open for these minority carries during the reverse polarity, therefore, the diode still conducts current until the exhaustion of the minority carriers and then the reverse current decreases to a minimum value. The diode reverse recovery time t k can be divided into periods t s and t d . During the period t s the minority carriers are discharged from P-N junction and an almost constant voltage remains on the diode. This voltage is slightly smaller than the forward voltage. This period is followed by the period t d . In time t d , the parasitic capacitance of diodes is being charged. After this time, the voltage on the diode remains at the value of the reverse voltage. We can reduce the time t s by increasing the reverse current flowing through the diode, but this causes a greater overshoot when the polarity changes. [14] We can obtain a shorter time t d by modification of the circuit, when we add a voltage source V B as it can be seen in Fig. 1 b) . This modification set diodes during the zero crossing of the input current at the border of their conductive state, thereby it reduces the changes of the voltage at the input node when the input current changes. However, higher bias results into increasing of the current which flows through diodes around the region where the input current changes its polarity. Therefore, the value of the bias for diodes must be set as a compromise between overshoot to opposite polarity of the current flowing through diodes and increasing of the diode zero crossing input current.
III. UNIVERSAL PRECISION FULL-WAVE RECTIFIER WITH
CURRENT BIASING
A. Description of the Universal Precision Full-Wave
Rectifier One of the basic precision rectifier circuits which can be found for example in [20] can be seen in Fig. 3 a) . The circuit consists of a half-wave rectifier based around the first operational amplifier and a summing amplifier formed by the second operational amplifier. The half-wave rectified current flows through D 2 on a positive half cycle of the input signal v IN . This signal is summed in the summing amplifier with the input signal having relative weights set according to values of resistors R 4 = R/2 and R 1 = R 2 = R 3 = R 5 = R resulting in a full-wave rectified signal on the output. Generally, this type of circuit works well at low frequencies, but produces a large waveform distortion at frequencies higher than 1 kHz. This is due to the fact that at the transition point of the input signal, the diodes are closed and the operational amplifier operates in an open-loop configuration. As the input signal frequency increases, limited slew rate more prevents the OA from switch diodes rapidly which leads to a distortion of the output signals. [20] This issue can be solved by circuit modifications from Fig. 3 b) , when a part of the circuit which operates as the half-wave rectifier is replaced by one with a larger bandwidth. This can be achieved by replacing the operational amplifier by a second generation current conveyor. The high output impedance of the current conveyors helps overcome the turn-ON resistance of the diodes, so the circuit operates at higher frequencies. Signal weights are again set according to the values of resistors when R 2 = R 3 = R and R 1 = R/2 which gives a full-wave rectified signal on the output. As can be seen in Fig. 3 b) , the circuit with the current conveyor is supplemented with a voltage source or current source and resistor for biasing to set the diodes close to their open state. The transfer function for this circuit is given by
where r X is the equivalent resistance at the current input of the current conveyor.
In case when the voltage source is used to bias the diodes, the circuit is temperature-sensitive. Another disadvantage of a rectifier with this type of biasing is its sensitivity to small variations of bias voltage which are displayed and the offset voltage appears at the output. A higher temperature stability can be achieved by using a DC current source to bias the diodes. The output offset voltage is easily controlled and adjusted to its minimal level. [12] Therefore, the next proposal considers using current sources to bias diodes.
B. Proposal and Experimental measurements
The proposed circuit can be seen in Fig. 4 . It uses the design of a circuit modification for bias taken from [12] and modified for universal precision full-wave rectifier. The modification involves an addition of two current sources, two diodes, and two operational amplifiers, where OA 2 is working as a voltage follower and OA 3 as a current-tovoltage converter. This circuit works properly only in voltage mode. When the OA 3 is omitted simulations show the circuit is supposed to work also in a mixed and current mode. The bias current flows through the diodes D 3 and D 4 and produces a voltage drop across them. This voltage is then fed into a voltage follower. Residual current flowing through D 1 and D 2 creates a voltage drop across these diodes and as a result the diodes are set close to the open state. The current is then diverted through another current source to ground, so it is possible to set the zero offset of the output signal.
The summing operational amplifier is replaced by a differential amplifier to achieve a proper operation of the circuit. Resistances are set R 2 = R 3 = R 4 = R 5 = R 6 = R and R 1 = R/2. This circuit was implemented in the form of printed circuit board and experimental measurements were carried out to verify its function. For the implementation the transconductance operational amplifier OPA861 [21] was used as the current active element and THS4052C [22] as the operational amplifier, diodes of type 1N4148 and resistors of values 1 KΩ and 470 Ω were used. For illustration a comparison of the basic universal precision full-wave rectifier from Fig. 3 b) and the proposed circuit is presented. For the basic circuit a voltage source of value V B = 0.6 V is used to bias the diodes. In case of the proposed circuit, the biasing current I B and residual current I R are both set to 40 µA. In Fig. 5 a) shows the output rectified signals for the input signal frequency of 1 MHz and the amplitude of 1 V. Figure 5 b) shows a comparison of output rectified signals with the same input frequency when the amplitude of the input signal was 0.2 V. From the output waveforms it can be seen that the proposed circuit achieves significantly better results for signals with smaller amplitudes than the basic circuit. Fig. 6 ) shows a comparison of the transfer function of implemented circuits. As can be seen the transfer function does not follow the expected gradient during the positive half-cycle due to the parasitical resistance r X of the conveyor's current input. This negative effect is not so significant for the proposed circuit.
From Fig. 7 ) it is possible to compare the details of the transfer function of the proposed circuit when using current diode biasing and without bias. This picture shows that the output offset can be set to a minimum value using the current sources to bias the diodes.
In conclusion, the DC value transfer p DC has been analyzed to compare the accuracy of circuits. Results are based on simulations of these circuits when the input signal frequency was in the range from 10 kHz to 1 MHz and the amplitude of the input signal was 100 mV. From Fig. 8 can be seen that the proposed circuit gives better results when the frequency is increasing. The DC value transfer is given by ( 
where y R (t) represents the actual rectifier signal, y ID (t) represents the ideally rectified signal and T is the period of the input signal.
IV. CONCLUSION
The aim of this work is to propose a circuit solution of the universal precision full-wave rectifier with current sources to bias diodes with an effort to limit the effect of the diode reverse recovery time. The function of the proposed circuit was verified by experimental measurements. The paper compares measured rectified output waveforms, measured DC transfer functions of implemented circuits and DC value transfer p DC based on simulations.
Using the modification of the biasing solution presented in [12] wider bandwidth has been achieved by reducing distortions caused by the negative effect of the diode reverse recovery time. Another advantage of proposed circuit is that the output offset can be easily controlled and set to its minimum level. Better results of the small signal rectification than in case of the basic circuit with a voltage source to bias diodes are also obtained. 
